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(57) ABSTRACT

A wave energy converter incorporates a floating body and a
reaction body engaging the floating body wherein the reac-
tion body is static or oscillating out of phase relative to the
floating body. A power take-off (PTO) has at least one direct
drive linear generator, a high level controller responsive to
sensors engaged to the direct drive linear generator and
providing a PTO force change command (dF ;) and a low
level controller receiving the PTO force change command
and providing control signals to power electronics connected
to the direct drive linear generator. The direct drive linear
generator is operable responsive to the control signals to
achieve optimal power extraction performance with high
force at low speed with operation in two physical directions
and operating as both a motor and a generator for a total of
four quadrants of control.
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1
POWER TAKE-OFF FOR A WAVE ENERGY
CONVERTER

REFERENCES TO RELATED APPLICATIONS

This application claim priority of U.S. provisional appli-
cation Ser. No. 62/621,377 filed on Jan. 24, 2018 entitled
POWER TAKE-OFF FOR A WAVE ENERGY CON-
VERTER, the disclosure of which is incorporated herein by
reference.

BACKGROUND
Field of the Invention

The present invention relates to the extraction of electrical
power from a linear oscillatory mechanical input with mul-
tiple frequency components, more specifically for use as a
power take-off of an ocean Wave Energy Converter (WEC).

Description of the Related Art

There is a vast resource of energy within the world’s
oceans. This energy is embodied in currents, thermal gra-
dients, or as is of principal interest of this invention, wave
motion. A device capable of economically extracting the
energy of ocean waves would be capable of providing a
significant portion of the world’s energy needs if widely
deployed. Experimental devices exist and are known as
Wave Energy Converters (WECs).

A WEC Power Take-off (PTO) is the means of extracting
mechanical energy from the ocean and converting it into
electrical energy. Such a system includes both software
(controls) and hardware (gearboxes, linkages, powertrains,
generators, etc.). WECs have often been equipped with
relatively simple controllers, providing a mechanical damp-
ing coefficient to maximize power from the dominant wave
frequency only. On the hardware side, WEC PTOs often
implement hydraulics as a method of transmitting and
converting linear motion induced by wave energy extrac-
tion.

Wave Energy Converters face significant technical and
economic challenges because Wave Energy, unlike other
renewables, must be collected from an extremely dynamic
resource. Ocean waves are not a simple, single frequency
wave, but rather the superposition of countless frequency
and amplitude waves. As a result, a Wave Energy Converter
must be able to extract energy efficiently from a wide
frequency spectrum and change operating conditions on a
second, or sub-second time scale for maximum energy
extraction.

SUMMARY

The present invention relates to a Wave Energy Converter
(WEC) Power take-off (PTO) designed to utilize both soft-
ware and hardware to extract greater amounts of electrical
energy from ocean waves than can be achieved through
existing means. The invention comprises a linear electric
motor-generator combined with both low level and high
level control systems. The high level control system dictates
a desired operational state for the linear electric motor-
generator which is achieved through the usage of a low level
control system. The linear electric motor-generator is a
machine designed for the purpose of achieving high energy
conversion efficiencies in the operating states of the WEC
and subsequent high level control system.
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In one implementation of this invention, the linear electric
motor-generator comprises a Vernier Effect Permanent Mag-
net Linear Generator while the high level control system
utilizes a reactive control approach.

BRIEF DESCRIPTION OF THE DRAWINGS

The present may be better understood, and its numerous
features and advantages made apparent to those skilled in
the art by referencing the accompanying drawings. For ease
of understanding and simplicity, common numbering of
elements is employed where an element is the same in
different drawings.

FIG. 1 is a side view of an example Wave Energy
Converter incorporating an implementation of a PTO sys-
tem;

FIG. 2 is an example time series of a typical operating sea
state;

FIG. 3 is a block diagram of the PTO system integrated
with an example WEC system;

FIG. 4 is a block diagram of the high level controller;

FIG. 5 is detailed view of the stator and translator
modules forming a complete linear electric motor generator;

FIG. 6 is an overall depiction of the Vernier permanent
magnet linear generator structure;

FIG. 7 is a diagram of the power electronics and stator
connections;

FIG. 8 is a drawing depicting an example physical
arrangement of linear generators within a sealed housing
from a top view;

DETAILED DESCRIPTION

The following is a detailed description of illustrative
implementations of the present invention. As these imple-
mentations of the present invention are described with
reference to the aforementioned drawings, various modifi-
cations or adaptations of the methods and or specific struc-
tures described may become apparent to those skilled in the
art. All modifications, adaptions, or variations that rely upon
the teachings of the present invention, and through which
these teachings have advanced the art, are considered to be
within the spirit and scope of the present invention. For
example, the device set forth herein has been characterized
as a Wave Energy Converter Power Take-off, but it is
apparent that other uses may be found for this device. Hence,
these drawings and descriptions are not to be considered in
a limiting sense as it is understood that the present invention
is in no way limited to the implementations illustrated.

The implementations presently disclosed provide a Power
Take-off (PTO) system for use in an ocean Wave Energy
Converter (WEC). For purposes of illustration, an example
two body WEC is presented in FIG. 1. This is a point-
absorber type WEC 10 with capability of extracting energy
in a vertical, heave, direction. A wave activated floating
body 12 oscillates in the heave direction (as represented by
arrow 13) as force (depicted by arrow 15) is imparted upon
it by the waves in the ocean water depicted as element 14.
An exemplary time series 20 of the motion of the water
waves 14 is depicted in the graph of FIG. 2. The floating
body 12 is engaged by and reacts against a reaction body 16
which is either static or oscillating out of phase relative to
the floating body. The forces between the two bodies are
transmitted through a PTO device 18. Most WEC PTOs are
either limited by a lack of optimal controls, a lack of
capability in their generator and power train system, or both.
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In the case of a lack of control, the high level control of
the WEC does not have the sufficient formulation or infor-
mation to predict and command the optimal operating state
for the generator and power train system. For example, a
controller that is designed to sense the dominant frequency
component of a sea state and command a desired damping
value for the generator does not have the capability to
command the generator to optimally extract power from any
frequency components other than the detected dominant
frequency. Moreover, the controller may not have adequate
sensor information to even be aware of the energy available
in other wave frequency components. FIG. 2 is presented to
provide a visual understanding of a time series of a typical
operating sea state containing multiple frequency compo-
nents.

In the case of a lack of capability of a generator and power
train system, even if the controller had perfect information
relating to the optimal operating state of the generator at
present and in the short-term future, the generator and power
train system may not be capable to act on such information.
For example, if a controller wished to command a certain
generator and power train system to quickly change oper-
ating state in order to capture available energy in an upcom-
ing higher frequency component of a wave, the generator
and power train system may have excessive inertia or
insufficient operating force capability to change operating
state in a timely manner.

The presently disclosed implementation solves these
problems by utilizing an entire, integrated Power Take-off
system containing a purpose built high level control, low
level control, power train, and electrical generator all work-
ing together optimally. The full system is outlined as it
would be utilized in the example WEC 10 from FIG. 1 in the
block diagram of FIG. 3. In an exemplary implementation,
a direct drive linear electric generator 50 (to be described in
greater detail subsequently with respect to FIGS. 5 and 6) is
utilized in the PTO 18, and therefore the power train and
generator are consolidated into a single element with no
need for a gearbox or transmission. As can be seen in FIG.
3, the implementation disclosed incorporates several com-
ponents, each of which will be described with their inter-
actions with the other subcomponents outlined.

A high level controller 30, such as a computer having
either a general purpose processor or single purpose pro-
cessor utilizing one or more cores with a readable memory
41, for processing calculation modules (which may be
implemented in hardware or software subroutines). The high
level controller 30 contains several modules as shown in
FIG. 4. Specifically, the high level controller 30 contains an
estimator block 42, a prediction block 44, and a control
block 46. Further, the control block 46 includes a model 48
of the WEC 10 and the linear generator 50 including the
mass and hydrodynamic properties of each body. One or
more sensors 31 associated with the linear generator 50
transmit a signal to the high level controller 30 which
includes the present force (Fpto) applied between the linear
generator 50 and the wave activated floating body 12, the
position (z) of a translator 54 relative to one or more stators
52 of the linear generator 50 and the rate of change of this
position (dz). This data is collected and stored in the
computer readable memory 41 which can be accessed by the
high level controller 30, creating a data store of time indexed
sensor values. While Fpto and z must be transmitted to the
high level controller 30, dz may also be calculated based on
the time series data of z.

The estimator block 42 uses Fpto, z, and dz along with
knowledge of the Wave Energy Converter’s physical prop-
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erties to calculate the estimated excitation force (Fe)
impacted upon the wave activated body by the sea.

The prediction block 44 uses the time series history of Fe
output by the estimator block 42 as an input to an auto-
regressive model to calculate a prediction of future Fe over
a specified time horizon.

Finally, the control block 46 uses the future prediction of
Fe output from the prediction block 44 with the current
states of z and dz as transmitted from the linear generator
sensors 31, and the numerical model 48 of the WEC and
linear electric generator to predict the WEC and linear
generator’s response to the future excitation force imparted
by the wave action the ocean water. With the ability to model
the future response of the WEC given the predicted Fe over
a certain time horizon, the control block 46 then utilizes an
optimization function to select a set of change of PTO force
(dFpz) commands over a specified time horizon to maxi-
mize electrical power extraction. The commanded dF,,,, is
then sent to the low level controller 32.

As represented in FIG. 3, the low level controller 32
receives the high level controller 30 and linear generator
sensors 31 outputs, and then computes and commands
appropriate action from the power electronics 34 which in
turn drive the linear generator 50.

The linear generator 50 is capable of acting on the desired
control commands in order to achieve optimal power extrac-
tion performance of the WEC system. The general nature of
these control commands is highly variable in operational
state from second to second and typically requiring high
force at low speed with operation in two physical directions
and operating as both a motor and a generator for a total of
four quadrants of control. The linear generator 50 in the
disclosed implementation is a direct drive permanent magnet
linear generator which receives control commands and
adapts to new operating states on a sub-second time scale.
The linear generator 50 is designed as a module which can
be combined in parallel or series as shown in the detailed
view of FIG. 5 by mechanically linking a plurality of stators
52 in series such that lateral edges 53 of the stators are flush
with one-another creating a single electric machine suitable
for the maximum force requirement of the specific WEC.
Similarly, a translator 54 having a plurality of modules 55 is
mechanically connected at lateral edges 56 of the modules to
form a single mechanical body matching the length of the
stators plus excess length 59 in a direction of oscillatory
travel 58 which is determined to meet the desired stroke
length requirement of the WEC. For the exemplary imple-
mentation, the translator 54 is connected to the wave acti-
vated floating body 12 with an arm or rod 36 (seem in FIG.
1) while the stators 52 are linked to the reaction body 16.

In one implementation of this invention, the linear gen-
erator 50 is specifically a Vernier Effect Permanent Magnet
linear Generator (VPMLG). This machine, as depicted in
FIG. 6, is a permanent magnet synchronous electrical
machine that utilizes higher order space harmonics of the
magnetic field in the air gap 61 due to multiphase stator
winding currents that are contained in open slots 64 at the air
gap surface of the stators 52. Standard or conventional
permanent magnet synchronous machines employ only the
fundamental component of the air gap magnetic field due to
the slotted stator winding currents. By contrast, the present
implementation has a dual stator permanent magnet linear
generator, with stators 52 providing coils on both sides of a
central permanent magnet translator 54. The translator 54 is
formed by a stack of alternating electrical steel laminations
62 and permanent magnets 64 forming the translator mod-
ules 55 which are joined by supports 66 which are inter-
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connected to the rod 36. The permanent magnets 64 are
oriented with their poles facing the direction of travel 58
rather than facing the face of the stator modules. In the
exemplary implementation the poles alternate polarity ori-
entation. The stators 52 are maintained in two separate
pluralities in opposing stator supports 68a and 685 and are
offset from one another on opposing sides by one half slot
pitch SP/2 as seen in FIG. 6 with the slot pitch SP for each
stator 52. Stator supports 68a and 685 are supported by or
rigidly connected to structure of the reaction body 16 as
represented by element 38 in FIG. 3. Both sets of stators 52
on the opposing stator supports 68a, 685 utilize the common
translator 54 in order to optimally engage the magnetic flux.
While the translator modules S5 are shown in FIG. 5 as
evenly dimensioned with the stators 52 for convenience in
depiction, the translator modules 55 are cyclically offset
from the stators 52 as shown in FIG. 6 in the exemplary
implementation employing a VPMLG.

In one implementation of this invention the linear gen-
erator 50 is driven by the low level controller 32 and power
electronics 34 as a single machine. In an alternate imple-
mentation of the invention the stators employed in the linear
generator are driven individually or in sub-sets to achieve
improved thermal operating characteristics. An example
arrangement of two power electronics drives 72 and 74
operating two sets of a number of linear generator stators
(identified as o and f) is depicted in FIG. 7. In this
arrangement the two subsets (1 o, 2 o ... naand 1 3, 2
P ...np) of stators 52 supported in the opposing stator
supports 68a and 685, can be controlled independently to
drive a single translator 54 between the two stator supports.
Drive a 72 is shown driving the o stators in parallel and
drive B 74 is shown driving the Pstators in parallel sche-
matically in FIG. 7 which may be accomplished by mechani-
cal connection or by controlled electrical connection. Alter-
natively, the mechanical connection or controlled electrical
connection may be employed to drive the stators 52 in series.
As show in FIG. 8 a plurality of linear generators 50a, 505,
50¢ and 504 may be supported within a housing 82 of the
reaction body 16, seen in FIG. 1. The orientation and number
of linear generators may be varied to accommodate space
available within the reaction body 16 and to take advantage
of'various cooling scenarios for the stators. The arrangement
of stators supports 68a (outside) and 685 (inside) in the
example shown in FIG. 8 would result in greater cooling
capability for the outer stators that can conduct heat out to
the water 14 through the housing 82 of the reaction body 16
compared to the inner stators that only have an internal
volume 84 containing air with which to cool. The low level
controller 32 can use a thermal sensor input, T, from the
linear generator sensors 31 to determine how much current
to apply to each of the stator sets in order to achieve to
desired change in power take-off force commanded by the
high level controller 30 while maintaining thermal equilib-
rium between the stators modules 52 on the outside and
inside stator supports a and 68aand 685. The overall result
of this is an improved capability of the whole PTO system
as all stators 52 are no longer limited by the stators with the
poorest cooling capability.

The implementation shown in FIG. 8 while shown with
the translators 54 of the linear generators 50a, 505, 50¢ and
504 are configured to be mechanically connected in parallel
between the floating body 12 and reaction body 16, the
linear generators may be electrically connected in parallel or
in series as previously described. In certain implementa-
tions, the linear generators may be aligned and mechanically
interconnected in series.
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While the invention has been described with reference to
specific implementations, it will be understood by those
skilled in the art that various changes may be made and
equivalents may be substituted for elements thereof without
departing from the true spirit and scope of the invention. In
addition, modifications may be made without departing from
the essential teachings of the invention as defined in the
following claims.

What is claimed is:

1. A wave energy converter comprising:

a floating body;

a reaction body engaging the floating body, said reaction
body static or oscillating out of phase relative to the
floating body;

a power take-off (PTO) having
at least one direct drive Vemier linear generator using

higher order space harmonics;

a high level controller responsive to one or more sensors
engaged to the direct drive Vernier linear generator and
transmitting signals to the high level controller which
include a present force (Fpto) applied between the
direct drive Vernier linear generator and the floating
body, a position (z) of a translator relative to a plurality
of stators of the direct drive Vernier linear generator
and a rate of change of the position (dz), the high level
controller containing an estimator block, a prediction
block, and a control block, said control block including
a model of the wave energy converter and the direct
drive Vernier linear generator including the mass and
hydrodynamic properties of each body and providing a
PTO force change command (dF ;,);

a low level controller receiving the PTO force change
command and providing one or more control signals to
one or more power electronics connected to the direct
drive Vernier linear generator, said direct drive Vernier
linear generator operable responsive to the one or more
control signals to achieve optimal power extraction
performance with high force at low speed with opera-
tion in two physical directions and operating as both a
motor and a generator for a total of four quadrants of
control.

2. The wave energy converter as defined in claim 1
wherein the at least one direct drive linear generator com-
prises:

the plurality of stators linked in series having lateral edges
flush with one-another creating a single electric
machine; and,

the translator having a plurality of translator modules
mechanically connected at lateral edges of the transla-
tor by supports and matching the length of the linked
stators plus an excess length in a direction of oscillatory
travel determined to meet a desired stroke length of the
direct drive linear generator.

3. The wave energy converter as defined in claim 2
wherein the translator is connected to the floating body with
a rod and the stators are linked to the reaction body.

4. A wave energy converter comprising:

a floating body;

a reaction body engaging the floating body, said reaction
body static or oscillating out of phase relative to the
floating body;

a power take-off (PTO) having
at least one direct drive linear generator comprising

a plurality of stators linked in series having lateral edges
flush with one-another creating a single electric
machine; and
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a translator having a plurality of translator modules, a
stack of alternating electrical steel laminations and
permanent magnets forming the plurality of transla-
tor modules, said plurality of translator modules
mechanically connected at lateral edges of the trans-
lator by supports and matching the length of the
linked stators plus an excess length in a direction of
oscillatory travel determined to meet a desired stroke
length of the direct drive linear generator, said PTO
interconnected to a rod engaging the floating body;

a high level controller responsive to one or more sensors
engaged to the direct drive linear generator and pro-
viding a PTO force change command (dDpz);

a low level controller receiving the PTO force change
command and providing one or more control signals to
one or more power electronics connected to the direct
drive linear generator, said direct drive linear generator
operable responsive to the one or more control signals
to achieve optimal power extraction performance with
high force at low speed with operation in two physical
directions and operating as both a motor and a genera-
tor for a total of four quadrants of control.

5. The wave energy converter as defined in claim 4
wherein the at least one direct drive linear generator com-
prises a plurality of direct drive linear generators, said
plurality of direct drive linear generators mechanically con-
nected in parallel between the floating body and the reaction
body.

6. The wave energy converter as defined in claim 4
wherein the plurality of translator modules of the at least one
linear generator employ magnets having poles aligned with
a direction of travel of the translator.

7. The wave energy converter as defined in claim 4
wherein the stators in the plurality of stators comprise a first
plurality of stators mounted in a first stator support and a
second plurality of stators mounted in a second opposing
stator support, said first and second opposing stator supports
maintaining the first and second plurality of stators offset by
a one half slot pitch.

8. The wave energy converter as defined in claim 7
wherein the first plurality of stators and second plurality of
stators are separately driven by the one or more power
electronics.

9. The wave energy converter as defined in claim 8
wherein the first plurality of stators and second plurality of
stators are driven with different currents determined to
provide a thermal equilibrium.

10. The wave energy converter as defined in claim 7
wherein the stator supports are supported by or rigidly
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connected to a structure of the reaction body and the
translator is connected to the floating body.

11. The wave energy converter as defined in claim 4
wherein the high level controller contains an estimator
block, a prediction block, and a control block, said control
block including a model of the WEC and the linear generator
including the mass and hydrodynamic properties of each
body and wherein:

the one or more sensors associated with the linear gen-

erator transmit signals to the high level controller

which include a present force (Fpto) applied between

the linear generator and the floating body, a position (z)

of the translator relative to the plurality of stators of the

linear generator and a rate of change of the position

(dz).

12. A method for wave energy conversion comprising:

buoyantly supporting a floating body on a water surface;

engaging the floating body with a reaction body, said
reaction body static or oscillating out of phase relative
to the floating body;

engaging the floating body with a rod interconnected to at

least one linear generator in a power take off (PTO),

each of the at least one linear generators comprising

a plurality of stators linked in series having lateral
edges flush with one-another creating a single elec-
tric machine; and,

a translator having a plurality of translator modules, a
stack of alternating electrical steel laminations and
permanent magnets forming the plurality of transla-
tor modules, said plurality of translator modules
mechanically connected at lateral edges by supports
and matching the length of the linked stators plus an
excess length in a direction of oscillatory travel
determined to meet a desired stroke length of the
direct drive linear generator said supports intercon-
nected to the rod engaging the floating body;

engaging the plurality of stators to the reaction body for

translation of the translator within the stators; and
extracting electrical power from the PTO.

13. The method for wave energy conversion of claim 12
wherein the at least one linear generator comprises a plu-
rality of linear generators and further comprising electrically
connecting the plurality of linear generators in series.

14. The method for wave energy conversion of claim 12
wherein the at least one linear generator comprises a plu-
rality of linear generators and further comprising electrically
connecting the plurality of linear generators in parallel.
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